1-Chlorohexane halidohydrolase from Arthrobacter sp. strain HAl was purified to homogeneity by fractional precipitation, ion-exchange chromatography, gel filtration, and high-performance liquid chromatography gel filtration. The enzyme was a monomer with a molecular weight of about 37,000; its amino acid composition and N-terminal sequence were determined. The enzyme had a broad optimum around pH 9.5, a temperature optimum near 50°C, an Arthrobacter sp. strain HAl was isolated to utilize 1-chlorohexane as the sole source of carbon and energy for growth, and with 18 halogenated alkanes as growth substrates, it is the first organism able to utilize a wide range of halogenated solvents and alkylating agents (24). Cell extracts of strain HAl catalyze the quantitative hydrolysis of 1-chlorohexane to 1 mol of chloride ion and 1 mol of hexanol, which were conclusively identified. We named the inducible enzyme responsible for this reaction 1-chlorohexane halidohydrolase, because the organism was isolated to utilize this substrate.
are subject to the rapid quantitative degradation as carbon sources that would facilitate practical biological waste treatment (6, 10, 26) . Some understanding of conditions to enrich cultures able to utilize or at least degrade these solvents (18) is leading to a tentative understanding of the mechanisms of dehalogenation, of which three are known: oxidative, reductive, and hydrolytic (18) . We now have more information on hydrolytic reactions.
Arthrobacter sp. strain HAl was isolated to utilize 1-chlorohexane as the sole source of carbon and energy for growth, and with 18 halogenated alkanes as growth substrates, it is the first organism able to utilize a wide range of halogenated solvents and alkylating agents (24) . Cell extracts of strain HAl catalyze the quantitative hydrolysis of 1-chlorohexane to 1 mol of chloride ion and 1 mol of hexanol, which were conclusively identified. We named the inducible enzyme responsible for this reaction 1-chlorohexane halidohydrolase, because the organism was isolated to utilize this substrate.
We now report the purification and some properties of the 1-chlorohexane halidohydrolase, which has a wide substrate range, and we present evidence for a second enzyme, presumably a debrominase, in extracts of strain HAl.
(A preliminary report of this work has been made [R. Scholtz, A. M. Cook, and T. Leisinger, Abstr. 14th Int. Congr. Microbiol. 1986 , P.B 13-26, p. 85].) MATERIALS AND METHODS Materials. The sources of many chemicals were given elsewhere (24) . Additional halogenated compounds, except bromomethane (Matheson Scientific, Inc., East Rutherford, N.J.) and protamine sulfate, were from Fluka, Buchs, Switzerland; low and intermediate molecular weight standards were from Bio-Rad Laboratories, Richmond, Calif., and screw-cap tubes to which 10 mM 1-bromobutane or 1- bromononane was added; thereafter, the gels were soaked in 0.1 M AgNO3. Molecular weights of proteins were determined by standard methods (1, 17) . The N-terminal amino acids were elucidated by an automated Edman procedure (5) . Protein was hydrolyzed in a vacuum at 110°C for 24, 48 , and 72 h in constantly boiling HCl, and the amino acids were separated on a CK 10S column (Mitsubishi Chemicals Industries Ltd., Tokyo, Japan). Amino acids were detected as the ninhydrin derivative at 550 nm (440 nm for proline).
The halidohydrolase was assayed as the release of chloride ion from 1-chlorobutane (24 (24) .
Purification of enzyme. AU steps were done at 4°C, unless otherwise stated, and all buffers, except HPLC mobile phases, were pH 7.5 and contained 1 mM EDTA and 2 mM dithiothreitol. Cells in suspension (40 ml; 500 mg [wet weight] per ml in 20 mM Tris sulfate buffer) were ruptured in a French pressure cell, and debris and whole cells were removed from the crude extract by centrifugation (24) . The purification consisted of four steps, and purity was confirmed in a fifth step. (i) In the protamine sulfate treatment, nucleic acids in the crude extract were precipitated by the slow (10- by gel filtration chromatography. One of the four protein peaks contained the 1-chlorohexane halidohydrolase, which was about 95% pure if fractions 63 to 68 were pooled (Fig. 1) . A small impurity (<5%, below the main band) could be observed and removed by HPLC (gel filtration), but this treatment had no significant effect on the specific activity of the enzyme, and rechromatography on the same column gave a single symmetrical peak (Fig. 1) . Purity was confirmed by electrophoresis under native conditions; only one protein band was observed, and this contained the enzyme activity. The purified enzyme could be stored at -20°C for at least 5 weeks, but the specific activity decreased by 10% for every further cycle of freezing and thawing.
The 45-fold purification implies that the 1-chlorohexane halidohydrolase constituted about 2% of the soluble cell proteins at this level of induction, assuming that the pure enzyme preparation had retained the specific activity of the protein in vivo. This enzyme concentration seems not unusual for a catabolic enzyme, 3% being given for the level of P-galactosidase in induced cells of Escherichia coli (23) .
Physical properties of the enzyme. The molecular weight of the native enzyme was examined by gel filtration on a Sephacryl column (33,500 ± 1,000) and on a TSK column (40,000 ± 500). The denatured enzyme was examined electrophoretically, and a molecular weight of 36,000 ± 300 was observed (Fig. 2A) . The halidohydrolase is thus a monomer with a molecular weight of about 37,000. The amino acid composition of the protein (Table 2) , indicating a molecular weight of about 36,000, confirmed this value.
The N-terminal amino acids were Ser-Glu-Ile-Gly-ThrGly-Phe-Pro-Phe-Asp-Pro-X-Tyr-Val-Glu-Val-Leu-Gly.
The halidohydrolase had a broad optimum around pH 9.5 (range, 8.5 to 11.0; Fig. 2B ). The nature of the buffer usually had little effect on the activity of the enzyme, but piperidine obviously inhibited the reaction (Fig. 2B) . The enzyme had optimal activity at 50 to 150 mM potassium borate buffer, pH 9.5, but it was relatively insensitive to high buffer concentrations (25% loss of activity at 700 mM buffer; Fig. 2C ). The temperature optimum was about 50°C (Fig. 2D) , and the Arrhenius plot indicated an activation energy of 40 kJ/mol for the hydrolysis of 1-bromopropane. Catalytic properties of the enzyme. The enzyme dechlorinated at least nine 1-chloroalkanes (C2 to C10) with various specific activities (Fig. 3) ; the Cl homolog was not hydrolyzed, and other homologs were not tested. This enzyme thus accounts for the hydrolyses of 1-chloroalkanes observed in crude extracts of this organism (Fig. 3 ).
1-Chlorohexane and higher homologs were present in the enzyme test in amounts exceeding the solubility limit. For this reason, and because of its higher rate of hydrolysis, the more soluble 1-chlorobutane was used in routine assays for the enzyme. We were uncertain whether the reaction rates of the higher homologs (Fig. 3) were real or a measure of the rate of dissolution of the substrate in the aqueous phase. The Fig. 3] ) to bromide and the n-alcohol. Whereas there was a reasonable similarity between the activities of crude extract and purified enzyme at shorter chain length (<C6; Fig. 3) , the very high rates of debromination at longer chain length in crude extract compared with the low rates of the pure halidohydrolase suggest the presence of a second enzyme (a debrominase; see below).
The halidohydrolase was not stereospecific. Racemic 2-bromobutane, which contains an asymmetric carbon atom, disappeared quantitatively and was converted to 1 mol each of bromide ion and 2-butanol per mol of racemic substrate, whereas a stereospecific reaction would have yielded only 0.5 mol of bromide ion and left half of the educt unreacted.
1-Chlorohexane halidohydrolase deiodinated the seven tested 1-iodoalkanes (to iodide ion and the corresponding n-alcohol) in a pattern which suggests that the halidohydrolase alone was responsible for the deiodination observed in crude extracts of strain HAl (Fig. 3 ).
The only fluoroalkane tested, 1-fluoropentane, was not a substrate for the enzyme.
Many monohalohydrocarbons were observed to be hydrolyzed by the halidohydrolase (Table 3) . Subterminally substituted n-alkanes (e.g., 2-chlorobutane and 3-chloroheptane) and chlorocyclohexane were dehalogenated, as was the branched-chain compound tested (Table 3) . Aromatic halohydrocarbons were subject to ring dehalogenation (bromobenzene but not chlorobenzene) and side-chain dehalogenation (phenylethylbromide; Table 3 ). Substituted or modified halohydrocarbons were also subject to ring dehalogenation (4-bromobenzyl alcohol) and aliphatic dehalogenation (3-bromopropene), whereby the nature of the substituent and the chain length were important. At least three chloroalcohols, but not the C2 or C3 homologs, and at least three bromoalcohols were substrates for the enzyme (Table 3) . Haloacetates were not substrates, and neither was 1-chloroacetone.
A wide range of dibromoderivatives was subject to dehalogenation. The highest specific activity observed was for 1,2-dibromopropane, and we presume all ca,w-dibromoalkanes from Cl to C10 to be substrates (Table 3) ; the C12 homolog was not a substrate. Fewer a,w-dichloroalkanes were substrates (Table 3) ; dichloromethane, 1,1-and 1,2-dichloroethane, and 1,2-dichloropropane were not substrates.
The dehalogenation of several a,w-dihaloalkanes was examined quantitatively (see footnotes to Table 3 ). Thus, 1,2-dibromoethane was quantitatively debrominated to 2-bromoethanol, which was slowly debrominated to 1,2-dihydroxyethane, whose identification was confirmed by gas chromatography-mass spectrometry (spectrum identical to that of authentic material). Similar reaction sequences were observed for 1,4-dichlorobutane and 1,6-dichlorohexane (Table 3) .
The broad range of substrates (Table 3 and Fig. 3 ) was reflected in the range of affinities of the enzyme for selected substrates ( Table 4 ). The Km was dependent on the chain length, and a comparison of values for Cl to C3 iodoalkanes showed affinity increasing with chain length; a similar effect was seen with the chloroalkanes from C3 to C6, with values stabilizing at about 50 ,M. The enzyme also had a relatively high affinity for the only branched-chain compound tested.
Enzyme activity was relatively insensitive to potential inhibitors ( Table 5 ). The low inactivation by thiol reagents could mean that cysteine residues are not active in or near the active site or that they are indeed catalytically active but not exposed on the enzyme surface.
Presence of a second dehalogenase. Preliminary evidence for the existence of a 1-bromoalkane debrominase in crude extract of strain HAl was described above (Fig. 3) . This enzyme was inducible, because it did not occur in butanolgrown cells but only in those cells induced to utilize, e.g., 1-chlorobutane. The debrominase was unstable. It could be detected only in extracts of freshly harvested cells and was lost on freezing the cells or the extract. The debrominase decayed rapidly (<3 days) at 4°C, whereas the halidohydrolase was stable for several days. All debrominase activity was lost on treatment with protamine sulfate (as used to purify the halidohydrolase). When the debrominase in crude extract was subject to ion-exchange chromatography or to electrophoresis under native conditions, only the halidohydrolase was detected. It is unclear whether an unstable cofactor or an unstable enzyme (complex) is involved.
DISCUSSION
Four haloalkane halidohydrolases have been purified: haloalkane dehalogenase from Xanthobacter autotrophicus GJ10 (a monomer with a molecular weight of 36,000 [14] ), dichloromethane dehalogenase from Hyphomicrobium sp. strain DM2 (a hexamer with a monomeric molecular weight of 33,000 [15, 16] ), haloalkane dehalogenase from Acinetobacter sp. strain GJ70 (a monomer with a molecular weight of 28,000 [D. B. Janssen, D. Jager, and B. Witholt, Abstr.
14th Int. Congr. Microbiol. 1986, P.B 13-10, p. 82]), and 1-chlorohexane halidohydrolase from Arthrobacter sp. strain HAl (a monomer with a molecular weight of 37,000 [this study]). The molecular weights of the monomers are similar, which contrasts with the range of molecular weights among the haloacid dehalogenases (15,000 to 68,000 [20] ).
The differences among the haloalkane halidohydrolases are confirmed by their N-terminal amino acids: X. autotrophicus GJ10, Met-Ile-Asn-Ala-Ile-X-Tyr-Pro-Asp-Glx (14) ; Hyphomicrobium sp. strain DM2, (Met)-Ser-Pro-Asn-Pro-Thr-AsnIle-His (15); Arthrobacter sp. strain HAl, Ser-Glu-Ile-GlyThr-Gly-Phe-Pro-Phe-Asp (this study). The Arthrobacter enzyme can be further differentiated from the Xanthobacter enzyme on the basis of amino acid composition, the former having twice as much valine per mole and a high proline content and the latter having twice as much phenylalanine per mole.
These halidohydrolases form at least two different groups: First, the dichloromethane dehalogenase (15, 16) , with its hexameric structure and its absolute requirement for the cofactor glutathione; and second, the other three enzymes, all monomers, none of which requires an added cofactor. The catalytic mechanism in the second group is thought to be broadly similar to that in the first group in requiring a sulfhydryl group for activity (7, 14) . The Arthrobacter enzyme also contains sulfhydryl groups (Table 2 ), but the low sensitivity to sulfhydryl reagents (Table 5) is poor confirmation of any catalytic function of these groups in this protein.
Further differences exist among the enzymes in the second group. The Xanthobacter enzyme has lower pH (8.2) and temperature (37°C) optima than the Arthrobacter enzyme does, although the molecular activities are similar (1.1 and 0.9 kat/mol, respectively, for 1-chlorobutane) and very low (Metzler [19] reports values between about 1 and 106 kat/mol). The Xanthobacter enzyme has a relatively narrow substrate range (11 compounds [141), which includes chloromethane and 1,2-dichloroethane (nonsubstrates for the Arthrobacter enzyme) but does not include the removal of both halogens from a,w-dihaloalkanes, whose degradative pathway proceeds via the haloacid (13) . The catalytic properties of the Acinetobacter and Arthrobacter enzymes are quite similar, the former having at least 35 substrates, many of which it has in common with the Arthrobacter enzyme. The Acinetobacter enzyme differs, however, in having a lower molecular weight and lower temperature (37°C) and pH optima (8.5) . The activation energy required for the hydrolysis of 1-bromopropane by the Arthrobacter enzyme, 40 kJ/mol, lies in the normal range for hydrolases (19 to 51 kJ/mol [25] ). The hydrolytic cleavage of a halogen-carbon bond is classified as EC 3.8.1. (11) . Whereas the Hyphomicrobium enzyme dichloromethane dehalogenase can be attributed to EC 3.8.1.1, the hydrolases free of a cofactor requirement presumably require a different assignment. The haloacid halidohydrolases (EC 3.8.1.2. and EC 3.8.1.3.) and the thyroxine deiodinase (EC 3.8.1.4.) do not include the properties of the 1-chlorohexane halidohydrolase. Typical of the situation for many hydrolases, the nomenclature is complicated by the wide substrate range of the enzyme, and it should probably be decided independently.
This preliminary understanding of the mechanism of dechlorination of some environmental pollutants represents only one aspect of the elimination of halogens from halohydrocarbons, because oxidative dehalogenation is known in aliphatics and occasionally in aromatics (18) , as is oxidative biotransformation (21, 22) , and reductive reactions are also established (18) .
1-Chlorohexane halidohydrolase generally has a high affinity for its substrate (Table 4; 1.1 mM for the Xanthobacter enzyme). Therefore, if applied to waste treatment, it would reduce the level of pollution to a low concentration; on the other hand, it Qould not be applied to any nanornolar solvent found in groundwater (26) . Several substrates of the enzyme are priority pollutants (e.g., 1,2-dibromoethane, from which both bromines are hydrolyzed) or other highly toxic compounds (phenyl bromide, benzyl bromide, and ethyl iodide). We thus have a background for suggesting biological waste treatment of compounds that are otherwise not or slowly degraded.
